Soil is known to be heterogeneous for different activities at several spatial scales. Most studies have focused on macro-and meso-scales but micro-scales are rarely addressed. Hence, the spatial structure of NH 4 -and NO 2 -oxidizers in a micro-sample was detected using colorimetric tests for the presence or absence of NO 3 2 in cultures of the micro-samples. Geostatistics was used to determine the range of spatial influence of the bacterial types. For both types, semi-variograms indicated a nonrandom spatial pattern. The spatial dependence ranged from 2 to 4 mm for NO 3 2 -and NH 4 -oxidizers respectively, and the two bacterial types were not independently spatially located. Among the six serotypes of NO 3 2 -oxidizers, only one exhibited a spatial dependence. The existence of a spatial structure at the millimeter scale suggests that micro-scale sampling should be employed for soil studies. Therby, data on bacterial populations and activities can be referred to a spatial scale which is meaningful to these organisms. ß
Introduction
Heterogeneity is noteworthy in soil and bacterial activities, in particular, exhibit high spatial variability [1^4] . Considering heterogeneity as a black box impedes quantifying soil activity due to the large sample numbers required, and heterogeneity also hinders the development of predictive relationships between the factors known to impact a given microbial process [5] . The spatial distribution of soil bacteria is probably partly responsible for this heterogeneity [6, 7] and is poorly characterized. Little information is available on the relevant spatial unit of a soil bacterial function, nor on the size of a micro-habitat which corresponds to the physical frame for bacterial activity at the scale of cell function [8] . This leads to two key questions: how are bacterial distributions structured in soil and what are the relevant scales for understanding spatial heterogeneity in soil?
Spatial distribution of bacterial populations can be studied with geostatistical tools which provide powerful insight into spatial structures [9, 10] . Geostatistics are largely used in soil science but less so in microbial ecology [2,11^13] . The classical semi-variogram quantitatively describes spatial variation in soil by expressing a measure of association, or autocorrelation, between two samples as a function of the distance between the samples. Many semivariograms exhibit the following characteristics : association increases up to a sill and no longer increases with increasing distances between samples. The range of spatial dependence is de¢ned as the distance to the point corresponding to the sill; nugget, the y-intercept, estimates the proportion of the total variation that is inherent to the smallest sampling lag. Such semi-variograms indicate the existence of a spatial structure within data and the range of spatial dependence must be accounted for to de¢ne a sampling procedure of the soil under study.
Nitrate production by nitri¢cation is a two step process involving the production of NO redundancy in soil [15] . This genus comprises four known species: N. winogradskyi, N. hamburgensis, N. vulgaris and N. alkalicus [16^19], and several di¡erent serotypes [17, 18, 20] . Moreover, serotypes have di¡erent speci¢c activities, di¡erent growth rates [16, 17, 21] and more or less important heterotrophic capabilities [17,21^23] . Thus, speci¢c serotypes might have speci¢c ecological roles in nitrifying communities. Furthermore, NO 3 2 -and NH 4 -oxidizers are easily detected in culture using colorimetric tests [24] making nitri¢ers good candidates to study a bacterial type distribution.
The present work aims at characterizing the spatial distribution of NO 3 2 -and NH 4 -oxidizers along two transects about 10 cm long, sampled every millimeter. Each sample was then sub-sampled to two randomly taken micro-samples (inscribed in 250-Wm side cubes), which were tested for the presence or the absence of these two bacterial types and serotypes. Geostatistics were used to study the spatial structure of NO 3 2 -and NH 4 -oxidizers and that of NO 
Materials and methods
Two 250-cm 3 clumps of soil were sampled, at 5 cm depth, in a sandy loam agricultural soil (Al¢sol) cultivated with maize (clay: 17%; silt : 39.2%; sand: 40.4%; organic carbon: 1.4%; pH : 6.4) [25] . The clumps were sampled in an area devoid of plants and were selected to be coherent enough to be brought back to the laboratory. One side was gently leveled to provide a £at surface. A ruler was hooked to the clump along the most topographically regular transect to indicate the sampling coordinates. A sterile 1.2U40-gauge needle (Microlance) with a 1-mm outside diameter was used as a micro-shovel to sample approximately 0.125 mm 3 of soil at every millimeter along a 91-mm long transect, referred to as transect I. Then, the 91 quasi-adjacent samples were dissected under a binocular microscope using a sterile scalpel blade. A calibrated grid (reduced copy of millimetric paper) allowed us to sort out two micro-samples (volumic units, VU) ¢tting into 250-Wm side squares of the grid. A previous study (data not shown) showed that some soil samples of approximately 250-Wm diameter were devoid of NO 3 2 -oxidizers, pointing out this sample size as relevant to study the spatial distribution of this type of bacteria. Each VU was seized with an individual sterile plugged glass capillary previously dipped into a sterile biologically inert silicone oil (SV40) and transferred into the appropriate culture medium by swirling the tip of the capillary into the medium. The precision about VU coordinates is estimated at about a half millimeter. The 182 VU sampled were cultured in 2 ml of NO [24] for 12 weeks at 28³C in the dark, in wells of 24-well microtiter plates. Presence of NO [24] . The kinetics of appearance of NO 3 2 -oxidizer presence in the VU of transect I were followed during the presence/absence tests to spot the most active VU along the transect at the time of sampling as well as all positive VU for the presence of NO 3 2 -oxidizers. As two sub-samples were taken per sampling coordinate along transect I, NO 3 2 -oxidizer presence/absence data were noted 0-1-2 at each coordinate depending if none, one or two VU were positive.
Nitrite was added to each positive culture and incubated until NO 3 2 disappearance to reach a population density that could lead to easy detection of cell presence by the immuno£uorescence technique. One ml of each culture tested positive for NO 3 2 -oxidizer presence was stored at 5³C with 3% v/v formaldehyde ¢nal concentration for subsequent indirect immuno£uorescent antibody assay.
The same experiment was conducted on another transect (II), prepared as above on another clump of the same soil, except that 96 soil units from the 9.6-cm transect (only one VU taken per mm) were cultured in NH 4 -oxidizer culture medium (1 mM NH 4 ) [24] . Presence of NH 4 was recorded according to the production of NO 3 2 and/or pH decrease. After culture completion, NO 3 2 (1 mM ¢nal) and CaCO 3 were added to cultures positive for NH 4 -oxidizer presence to increase the pH to 6.5^7 in order to test for the presence of both NO 3 2 -and NH 4 -oxidizers in the same VU. The kinetics of appearance of positives were also followed during the test.
Six antisera were raised against six NO 3 2 -oxidizer strains belonging to the Nitrobacter genus and encompassing three species (N. vulgaris, N. winogradskyi, N. hamburgensis). Their origin is given in Navarro et al. [18] . The sera were named after the strains used to raise the antisera : Nitrobacter sp. strain DE30, serum DE30, Nitrobacter sp. strain DE11, serum DE11, N. hamburgensis strain X14, serum X14, N. winogradskyi, serum W, Nitrobacter sp. LL, serum LL, and N. vulgaris strain Z (kindly given by E. Bock), serum Z. The presence or the absence of each serotype was assayed in each VU micro-culture. After air drying, the cells deposited in the wells of microprint 12-well multitest slides were subsequently stained with a speci¢c antibody suspension and goat anti-rabbit FITC conjugate. The test was considered positive for the presence of a speci¢c serotype if more than about one bacterium per two ¢elds could be seen, although it could be sometimes 3^4 orders of magnitude higher.
Geostatistical analysis of bacterial patterns was carried out by normalized semi-variances, Q N (h), de¢ned as:
where x i is the value of NH 4 -oxidizer, NO 3 2 -oxidizer or serotype abundances (0, 1 or 2), h is the sampling lag (mm), n(h) the number of couples used, and s 2 the classical variance. In the cases where the normalized semi-variance £attens about a sill, the latter equals the unity, which allows comparisons between di¡erent bacterial types.
Two types of semi-variograms were observed : (i) £at, indicating the absence of spatial structures within the transect, (ii) not £at, which corresponds to the existence of spatial pattern, and increasing with a sill for a particular value of h, noted a, the range of spatial dependence [26] . The existence of a spatial pattern was evidenced by calculating coe¤cients of autocorrelation for each sampling lag. The signi¢cance of these coe¤cients was tested as that of classical correlation coe¤cients. Three normalized semi-variograms were calculated for NH 4 -oxidizer presence (transect II) at three dates spanning the time period of the test: 22, 42 and 72 days (Fig.  1) . The coe¤cients of autocorrelation are signi¢cant for lags 1 and 2 mm at 22 days (r = 0.33 and 0.22, respectively, P = 0.001 and 0.033). This agrees with the observation of a range of 3 mm (Fig. 1) . Note that the range exceeds the maximum lag of autocorrelation of one unit. At 42 days, a signi¢cant autocorrelation exists at lags 2 and 3 mm (r = 0.28 and 0.34, respectively), corresponding to a range of 4 mm. The same result is observed at 72 days. Moreover, a spatial pattern exists at the scale of about 45 mm since the two halves of the transect contained di¡erent numbers of NH 4 -oxidizer present (19 vs. 7 at 22 days, M 2 = 5.54, 1 df, P = 0.02). In contrast, the NO 2 -oxidizer presence as tested after the presence of NH 4 -oxidizers did not show any spatial structure.
Results

NO
Geostatistical analysis of NO
The presence of NO 3 2 -oxidizers was autocorrelated only at lag 1 mm at all sampling days (r = 0.33, 0.26 and 0.33 at 21, 42 and 74 days, respectively) in transect I. This is in good agreement with the aspect of the three semi-variograms (Fig. 2) that suggests the existence of a range of 2 mm, indicating a spatial structure of NO 3 2 -oxidizers with a slightly smaller zone of in£uence than for NH 4 oxidizers. Because of the shapes of the observed semi-variograms and of values of the ranges close to the sampling lag, no ¢t to theoretical semi-variograms was statistically satisfactory. Consequently, data could not allow us to infer the existence of nugget e¡ects.
Spatial distribution of serotypes
The serotyping of the samples positive for the presence of NO 3 2 -oxidizers with six polyclonal antibodies gave some insights into the spatial structure of NO 3 2 -oxidizers within the soil fabric. Cross-reactivity tests (Table 1) with the various strains used indicated that the antisera were speci¢c. Furthermore, the antibodies were tested against a set of 30 unknown isolates from the same soil: in one case only, the labeling was equivocal but the cells were not Nitrobacter-shaped.
None of the six antisera reacted at 10 coordinates and in 60 VU along transect I. Thus, the transect contained other serotypes than the ones tested. The detection of several serotypes, up to ¢ve in a same micro-sample (Table 2) , suggests a high heterogeneity in the micro-environment. Serotype DE30 was very signi¢cantly dominant (P 6 0.001) ( Table 3) , being present at 68 of 91 coordinates and in 91 VU of the 182 VU.
Only serotype LL exhibited a spatial structure : the autocorrelation coe¤cients were signi¢cant at lags 1, 2 and 3 mm (r = 0.28, 0.32 and 0.29, respectively). The other serotypes did not show any spatial structure. Particularly in the case of serotypes W and Z, the low numbers highly decreased the power of the geostatistical analysis.
A M 2 test was carried out to compare the number of the various spatial associations of serotypes observed to the theoretical ones. Serotypes X14 and DE11 were signi¢-cantly associated and together with DE30 (M 2 = 25.37, 7 df, P 6 0.001), whereas LL showed no association with X14 and DE11. LL and DE30 thus showed opposite preferences.
Discussion
The objective of this work was to look for spatial structures at the micro-scale, using nitri¢ers as a model, to disclose what the term`heterogeneity' represents for the bacterial distribution in soil. Geostatistics have rarely been used in microbial ecology and we know of only one study at micro-scale, the work by Dandurand et al. [11] on bacterial distribution on root surfaces. The present study shows that micro-scale studies can bring new insights into soil function. A spatial structure of nitri¢ers at the millimeter scale was observed which indicated a spatial association of the two bacterial types carrying out two successive biochemical transformations. The main point in this work is that the sampling size of a few hundred Wm 3 , which is far below the soil sample size commonly used, seems to be consistent with the spatial distribution of nitri¢ers and is thus relevant to functional spatial units. Our work suggests that the nugget e¡ects observed in previous works on bacteria and on biologically involved ions in soil [3, 13, 27 ] may be partly due to spatial patterns at the millimeter scale, since nugget estimates the proportion of heterogeneity that exists at a scale smaller than the sampling lag used [10] . We also showed evidence for a high phenotypic diversity on small spatial scale, suggesting a large environmental heterogeneity down to micro-scale. There was a spatial structure at a millimeter scale and it is tempting to relate it to structuring agents in soil. Pores, aggregates and small roots are Serotyping was carried out on 163 VU, instead of 169 VU initially positive, as six VU cultures were lost, and at 81 coordinates. candidates for structuring agents at this scale. Their structuring e¡ects on Nitrobacter populations are only speculations as we have no evidence for such mechanisms here.
The shorter zone of in£uence observed for NO 2 -oxidizers. This high density thus corresponds to a spatial dominance (space occupancy) and not to a few highly colonized spots. The presence of several serotypes per VU supports the hypothesis that many di¡erent micro-environments create an almost in¢n-ite variety of selective conditions [28] . Cross-reaction does not seem to be implied as these antisera have been tested on various strains and the groupings were quite clear (Table 1) . A spatial structure was evidenced for NO 3 2 -oxidizers but not for their serotypes (except LL). The range was observed to be the same at the three measurement occasions during VU incubation (22, 42 , 72 days and 21, 42, 74 days), although the number of positives increased throughout the transect with time. The progressive appearance of positives with time is probably due to either heterogeneity of bacterial density in VU and/or heterogeneity of activity. The consistency of the range indicates that the spatial structure was not a¡ected by activity and cell density, giving con¢dence into the range value. But the spatial organization of positives around particularly active spots (early positive appearance) cannot be ascertained.
Transects are usually not replicated due to the number of samples necessary to build them and the quantity of work they represent. In this work, reproducibility was assessed by two transects. Although transects I and II were not sampled at the same time and came from two clumps of soil, they gave consistent results at small scales: autocorrelation distances in the millimeter range. The absence of spatial structure for NO 3 2 -oxidizers in transect II can be explained by the weaker information given by the 0-1 data set compared to the 0-1-2 data set in transect I.
Our sampling scale was much smaller than those commonly used in other studies [13] , and conspicuously closer to that of bacterial micro-habitats. The ranges we observed were very close to the sampling lag. Consequently, the number of points between the origin and the range in the semi-variogram was too low to infer on the existence of nugget e¡ects. To overcome this di¤culty, we should decrease the sampling lag, which raises technical problems. Of course, the ultimate sampling lag is the size of a bacteria. Our experiment and geostatistics showed a spatial structure of bacteria at the millimeter scale in soil, which is much smaller than the usual soil sample size (a few grams) and probably close to the micro-habitat size. When technically possible, such a micro-scale should be chosen to refer to meaningful bacterial spatial units, and improve correlations between soil parameters, as most determinant parameters very probably control activities at submillimetric scale or less. Studies on populations or in£uence of proximal parameters on activities should be done at such millimetric scales, contributing to understanding heterogeneity generated by the distribution of bacteria.
